Silicon beam splitters several millimeters thick offer numerous advantages over thin freestanding dielectric beam splitters. For routine spectroscopy for which resolutions of better than 1 cm Ϫ1 are not required, a silicon beam splitter can replace several Mylar beam splitters to span the entire far-infrared region. In addition to superior long-wavelength performance that extends well into the terahertz region, the silicon beam splitter has the additional advantage that its efficiency displays little polarization dependence.
Introduction
Spectroscopic measurements in the infrared optical region (energies below approximately 0.1 eV or wavelengths greater than approximately 10 m) are complicated by the lack of suitable materials for optical windows and beam splitters. The choice of beam splitters is particularly challenging; it is the key component in Fourier-transform infrared (FTIR) spectroscopy [1] [2] [3] . The beam splitter efficiency determines the frequency coverage and accuracy of these spectrometers. In general, beam splitters used in Michelson-type spectrometers are either polarizing wire grids, freestanding dielectric films, or thin or thick substrate-coated beam splitters. The polarizing grid responds to just one polarization and is limited to wavelengths longer than the grid separation, effectively restricting it to the far-infrared region. The alkali-halide materials that are typically used to support dielectric coatings in mid-infrared beam splitters are opaque below Ӎ30 meV. Other materials, such as thin films of polypropylene or polyethylene, are transparent over much of the far-infrared region and make excellent optical windows [4, 5] ; however, the low refractive index ͑n Ӎ 1.2͒ limits their usefulness as beam splitters. In modern Michelson rapid-scan FTIR spectrometers, thin polyethylene terephthalate [(PET) also known commercially as Mylar] dielectric beam splitters are a common choice. However, one of the problems associated with PET beam splitters is the overall low efficiency. These beam splitters function by means of the interference of multiple internally reflected beams; therefore the reflectance (and efficiency) is zero when the interference condition is destructive for the reflected beams. In the far-infrared region, a combination of beam splitters of differing thicknesses must be employed to 0003-6935/07/327884-05$15.00/0 © 2007 Optical Society of America yield a series of discrete frequency regions, which are then merged to form a continuous spectrum. It has been recognized recently that thick silicon beam splitters offer numerous advantages over PET beam splitters for routine spectroscopy; however, they are not widely available. We discuss the advantages of thick Si over PET beam splitters and examine the results in a Genzel-type [6] FTIR spectrometer.
Beam Splitter Response
The relative efficiency of a beam splitter at a given frequency is given by ϭ 4R 0 T 0 , where R 0 and T 0 are the reflectance and transmittance of the beam splitter, respectively [7] . For this discussion it is convenient to describe the frequency in wavenumbers in units of reciprocal centimeters; wavenumbers scale linearly with photon energy ͑1 eV Ӎ 8066 cm Ϫ1 ͒ and are just the inverse of the vacuum wavelength, measured in centimeters. The maximum efficiency is found when R 0 ϭ T 0 ϭ 0.5, which yields ϭ 1. For a freestanding, nonabsorbing, parallel-sided, thin dielectric material, the frequency dependence of the reflectance and transmittance are
where ␦ ϭ 4nd cos t is the relative phase shift between two adjacent emerging rays, d is the thickness of the film, n is its refractive index, t is the angle of the beam inside the film to the surface normal, and R is the single-bounce reflectance of the material (for a nonzero angle of incidence both R 0 and T 0 depend on the polarization, as discussed below). These functions oscillate with period ␦; the reflectance is maximum when the transmittance is minimum and vice versa. Together these functions satisfy the condition R 0 ϩ T 0 ϭ 1. Thus, the beam splitter efficiency has minima at ␦ ϭ 2m for m ϭ 1, 2, 3, . . . and maxima near ␦ ϭ ͑2m Ϫ 1͒; we usually restrict our use of the beam splitter to the first interval. Note that, if R 0 Ͼ 0.5 at the frequencies where ␦ ϭ ͑2m Ϫ 1͒, there will be a local minimum at that value of ␦, with maxima on either side.
Radiation polarized with its electric field parallel to the plane of incidence is denoted by p; radiation polarized with its electric field perpendicular to the plane of incidence is denoted by s. For any nonzero angle of incidence at the beam splitter, the reflectance for p-and s-polarized radiation has different forms
where i and t are the angles of incidence and transmission, respectively, and are related by n ϭ sin i ͞sin t . The refractive index of PET is n Ӎ 1.6, and the index of absorption k Ϸ 0 over most of the far-infrared region.
The relative maximum beam splitter efficiencies of a PET beam splitter for the s and p polarizations are calculated for i ϭ 45°(as occurs in a classic Michelson interferometer), as well as the lower angle i ϭ 30°now found in many modern interferometers; these results are summarized in Table 1 . Table 1 shows the quantities at the wavelength at which reflectance is a maximum and transmittance is a minimum. Because of the large difference in efficiencies for the two polarizations, a Michelson interferometer equipped with a PET beam splitter is far more effective for s-polarized than for p-polarized radiation. The strong polarization dependence of the PET beam splitters, especially near 45°, limits their use when polarization studies are necessary. As indicated in Table 1 , the difference between the s and the p polarizations for PET beam splitters could be reduced At the wavelength for which reflectance is a maximum and transmittance is a minimum. The quantities are calculated for p and s polarizations at angles of incidence of 30°and 45°.
by decreasing i , with a slight increase in the overall efficiency [8] . Figure 1 shows the variation in the calculated efficiency of four common PET beam splitters as a function of frequency for s-polarized radiation in a conventional Michelson interferometer. Only the first cycle of the interference pattern is shown for each. To cover the entire far-infrared region from 10 to 700 cm Ϫ1 using PET beam splitters with a beam splitter efficiency greater than 0.5 requires at a minimum all four beam splitters. At low energies ͑Ͻ50 cm Ϫ1 ͒, where the efficiency of these beam splitters is poor and blackbody sources are weak, measurements become difficult.
Silicon Beam Splitter
The beam splitter efficiency can be improved if a material with a larger refractive index than PET, such as silicon ͑n Ӎ 3.4͒ [9] or germanium ͑n Ӎ 4͒, [10] is employed. Figure 2 shows the calculated variation of R 0 for both s-and p-polarized radiation (R 0s and R 0p , respectively) as a function of the refractive index of the material from which the beam splitter is fabricated, as well as several different angles of incidence, i ϭ 45°, 30°, and 15°. The difference between the values of R 0s and R 0p can be decreased considerably by reducing the angle of incidence at the beam splitter. Table 1 lists calculated reflectance, transmittance, and beam splitter efficiencies for silicon, again at the wavelength at which reflectance is a maximum. Because the reflectance exceeds 0.5 at this wavelength, there are wavelengths for which the efficiency is 1.0 nearby.
If the Si plate is several millimeters thick, the beam splitter response consists of many closely spaced cycles, making the single-channel spectrum ͓S͔͑͒ unsuitable for high resolution spectroscopic applications. To illustrate this point, a thick silicon beam splitter ͑d Ӎ 2.7 mm͒ was examined in a Bruker IFS 113v interferometer. This instrument has two unique aspects: the first is that the light is focused at the beam splitter (unlike a standard Michelson-type interferometer in which the light is collimated), an arrangement that allows for smaller beam splitters; the second is the low angle of incidence at the beam splitter i ϭ 15°, which is close to the optimal angle for PET beam splitters [8] (this instrument is referred to as a Genzel-type spectrometer) [6] . Figure 3 ; the low resolution spectrum should describe the instrument background, so that the ratio S͑␦ ϭ 0.03 cm Ϫ1 ͒͞S͑␦ ϭ 1 cm Ϫ1 ͒ should be a good approximation of the beam splitter efficiency. The beam splitter response has been modeled in Fig.  3(b) for a piece of silicon approximately 2.7 mm thick, a refractive index of n ϭ 3.4, and i ϭ 15°for both s and p polarizations. The spacing of the cycles of Ӎ0.7 cm Ϫ1 observed in the upper panel is reproduced quite well by the calculation, which shows little polarization dependence.
As noted above, this beam splitter is unsuitable when high resolution is required. However, if the resolution required is less than this spacing between the cycles, then only the average beam splitter response is observed. The horizontal lines in Fig. 3(b) show the beam splitter response after it has been smoothed by applying a Gaussian convolution of 1 cm Ϫ1 width; the fine structure is removed yielding an essentially flat response with a beam splitter efficiency of 4R 0 T 0 Ӎ 0.76 for s-polarized radiation. If this smoothed result is used as a background, the maxima of Ӎ1.3 observed in the upper panel is reproduced; the maximum available resolution limits our ability to observe the predicted zeros in the beam splitter response. For resolutions ␦ տ 1 cm
Ϫ1
, this beam splitter therefore has an excellent broadband response, extending to the lowest frequencies. Unlike PET beam splitters for which the p-polarized response is considerably poorer than the s-polarized case, the thick Si beam splitter actually delivers a slightly better performance.
The relative performance of Si and PET beam splitters is accomplished by the comparison of singlechannel spectra for which the only experimental parameter that is altered is the type of beam splitter. For these experiments we used a 4.2 K bolometer detector. Long-wavelength pass cold filters restrict the response of the detector to frequencies below approximately 800 and 100 cm Ϫ1 in the upper and lower panels, respectively. When compared with the thin 3.5 m PET beam splitter, the Si beam splitter has a somewhat poorer performance Ն450 cm
; however, it is dramatically better below approximately 200 cm
. When compared with a thick 50 m PET beam splitter, the Si beam splitter has two important advantages; the first is that the Si beam splitter is more efficient at low frequencies, and the second is that it does not suffer the cyclic behavior of the thick PET beam splitter. Thus, the Si beam splitter performs well over the entire far-infrared and terahertz regions ͑1 THz Ӎ 33.3 cm
͒ and for routine spectroscopy can effectively replace most PET beam splitters without any corresponding loss of efficiency. Note that the spectra taken at high resolution ͑1 cm Ϫ1 ͒ in Fig. 4(b) shows some fine structure at low frequency in both the PET and the Si beam splitters. This effect is due to the composite nature of the bolometer detector; the impedance of the antenna used to collect radiation is not perfectly matched to the impedance of free space, resulting in weak interference fringes [11] . When used with a 1.4 K bolometer detector, the instrument delivers excellent spectral information down to Ϸ5 cm
. (In this case the low-frequency response appears to be detector limited.) In principle, if the sides are highly parallel, the Si beam splitter should operate continuously into the mid-infrared, with the exception of a strong phonon band at Ϸ620 cm
; thick Ge plates are unsuitable for beam splitters because of strong phonon absorption.
Although a thick Si beam splitter is useful for routine spectroscopy, it is unsuitable for high-resolution applications as illustrated in Fig. 3 . In principle, many of the advantages of the thick Si beam splitter could be realized in a thin, freestanding version several micrometers thick; this would eliminate the closely spaced cycles and yield a beam splitter response more typical of a thin PET beam splitter. Indeed, this approach has been employed in a solid silicon-wafer beam splitter [12] ; however, in this implementation the wafer is wedged and lacks an antireflection coating, resulting in an approximately 30% reduction in efficiency. More recently, it was proposed [13, 14] and demonstrated [14, 15] that thin layers of silicon can be deposited onto a PET substrate, yielding a high beam splitter efficiency over much of the far-infrared region. In a similar fashion, a thin layer of germanium has been deposited onto a PET substrate, resulting in a multilayer dielectric beam splitter; this beam splitter is commercially available from Bruker Optics [16] . These multilayer beam splitters provide excellent coverage over much of the far infrared with improved performance at long wavelengths, which can be used for high-resolution work. However, even though the Ge͞PET beam splitter is far superior to a 6 m PET beam splitter in the terahertz region (i.e., below 30 cm Ϫ1 ), its efficiency is still poorer than a 50 m PET beam splitter and is much poorer than the thick Si beam splitter reported here. low-pass cold filter). The experimental resolution is 1 cm Ϫ1 . The weak interference fringes observed at low frequency are due to an intrinsic detector effect.
Conclusion
A piece of Si several millimeters thick is an excellent beam splitter for use over much of the mid-and farinfrared regions. For routine spectroscopy for which resolutions of no greater than Ӎ1 cm Ϫ1 are required, a Si beam splitter can effectively replace most PET beam splitters. The Si beam splitter operates effectively well into the terahertz region ͑0.2-10 THz͒. A final advantage is that the Si beam splitter displays an almost total lack of polarization dependence at modest incidence angles.
